the goal of the cLoVeR study was to perform a pairwise comparison of four tests based on the same patient population with non-small cell lung cancer (NSCLC): three validated PDL1 immunohistochemistry (IHC) assays (Ventana SP142, Ventana SP263, Dako 22C3) and one PCR test. Four hundred seventy-three NSCLC samples were obtained from a biobank and were stained using PDL1 IHC assays. Four trained pathologists independently evaluated the percentage of tumor cells (TC) and immune cells (IC) that stained positive at any intensity. PDL1 transcripts were quantified in 437 patients by a standard Taqman RT-PCR assay using SDHA as a reference gene. A concordance analysis was performed to assess (1) the correlation of TC and IC between different assays and (2) the predictive properties of one test for another. "High" RNA expression was detected in 187 of 437 (43%) patients. The percentage of PDL1-positive cells (≥1%) was higher among the IC than the TC in all IHC three assays. The Pearson correlation coefficients (PCC) for TC were 0.71, 0.87, and 0.75 between 22C3/ SP142, 22C3/SP263, and SP263/SP142, respectively. The PCC for IC were 0.45, 0.61, and 0.68 for the same pairs. A low correlation was observed between the PCR test and each of the three IHC assays; however, if a patient tested low/negative by PCR, then they were likely to test negative by any single IHC test with a high probability (92-99%). Among patients who tested positive by PCR, only 9-45% tested positive by IHC assays. There was excellent positive and negative agreement (>91%) between 22C3 and SP263 staining using the recommended individual cutoffs for first-line treatment. PCR RNA expression analysis is not equivalent to IHC. However, this method may have some potential for the identification of PDL1-negative tumors. 22C3 could be considered as a substitute for SP263 in first-line treatment.
setting for metastatic nonsquamous NSCLC in combination with pemetrexed and carboplatin independent of PDL1 expression 4 , or as a second-line single agent for patients with PDL1 expression levels of 1% or more 5 .
Atezolizumab, an anti-PDL1 humanized antibody, is approved in combination with chemotherapy and bevacizumab as a first-line treatment for patients with nonsquamous metastatic NSCLC regardless of PDL1 expression levels 6 . A National Comprehensive Cancer Network panel has recommended atezolizumab as subsequent therapy for patients with nonsquamous and squamous advanced NSCLC based on the results of a phase 3 trial and mentions that PDL1 testing is not required but may provide useful information 7 . In this OAK study, patients with high PDL1 expression derived the greatest benefit from atezolizumab compared with docetaxel 8 . A high expression level was defined as PDL1 expression in 50% or more of tumor cells (TC) and in 10% or more of tumor-infiltrating immune cells (IC) using diagnostic IHC antibody SP142 (Ventana Medical Systems).
Nivolumab, an anti-PD-1 human antibody, showed activity when used as subsequent therapy in all patient population with nonsquamous and squamous NSCLC regardless of the level of PDL1 expression 9 . Finally, durvalumab, an anti-PDL1 human antibody, is approved as consolidation therapy for patients with unresectable stage III NSCLC who have not progressed after 2 or more cycles of definitive concurrent platinum-based chemoradiation 10 . The progression-free survival benefit with durvalumab was observed irrespective of PDL1 status (<25% or ≥25% of expressed tumor cells stained by diagnostic antibody SP263 (Ventana Medical Systems) before chemoradiotherapy.
While the IHC assessment of PDL1 expression in tumor samples has emerged as a possible biomarker of susceptibility to immune checkpoint inhibitors, its potential use poses many questions and challenges for both oncologists and pathologists. Different methods of interpretation and cutoff values are used for each antibody to determine the PDL1 status of a tumor and to predict its response to immunotherapy in clinical studies and routine practice. Many pathology departments do not currently have all of the automated platforms and reagents for the various in vitro diagnostic assays. Furthermore, detection of PDL1 expression is required after molecular testing (EGFR, ALK) performed by polymerase-chain reaction (PCR) that could affect the duration of molecular diagnosis and its cost. There have been no large studies that investigated the assessment of PDL1 expression levels by PCR and compared this with IHC assays.
The goal of this study conducted by the Russian Society of Clinical Oncology (RUSSCO) was to perform a pairwise comparison of four tests based on the same patient population: one PCR test and three validated PDL1 IHC assays (22C3, SP142, and SP263; CLOVER study).
Methods
Tumor samples. For this study, 500 archived NSCLC samples (formalin-fixed, paraffin-embedded blocks) were provided by the RUSSCO biobank. Informed consent was obtained from all subjects. Four hundred seventy-three specimens contained sufficient material for expression assays (27 samples were excluded from the final analysis as they did not meet sample requirements for IHC, and 36 samples were excluded from the PCR testing). The sample age ranged from 0.5 to 1 year, based on the date of excision. These samples were not associated with any clinical studies or immune checkpoint inhibitor therapy.
Consecutive sections were used to reduce the variability between assays due to tumor heterogeneity. Four sections of each tumor specimen were prepared for examination; additional sections were prepared for use as negative controls. We used the cell line NCL-H226 as a positive control, the cell line MCF-7 as a negative control, as well as tonsillar tissue (for 22С3) and placental tissue (for SP142 and SP263) samples as positive controls in each assay cycle 11 . First, we verified assays using the positive and negative cell lines as well as positive tissue controls. Then, we performed IHC staining on the NSCLC samples.
Slides (N = 1,419) were stained with the anti-PDL1 IHC antibodies as was done in the clinical trials of therapy with pembrolizumab (clone 22C3; Agilent), atezolizumab (clone SP142; Ventana Medical Systems), and durvalumab (clone SP263; Ventana Medical Systems) 3, 8, 10 . The antibodies were used in automated IHC assays. Clone 22С3 was tested with the Dako Autostainer Link 48 (Agilent) using the optimized closed protocol provided by the manufacturer for the automated platform. Assays with SP142 were performed with the BenchMark ULTRA staining instrument (Ventana Medical Systems), according to the protocols included in the instructions for use of the antibodies, and the external quality control system from Nordic immunohistochemical Quality Control (NordiQC) for SP263. We detected antibody staining with the OptiView DAB IHC Detection Kit with (for the SP142 antibody) and without (for the SP263 antibody) the OptiView Amplification Kit (Ventana Medical Systems) in accordance with the protocols recommended by the manufacturer. Four trained pathologists, certified by Ventana/Roche and Dako/Agilent for the interpretation of the respective assays, independently evaluated the percentages of TC and IC that stained positive at any intensity for PDL1 expression. When the interpretations differed, the pathologists made consensus decisions. According to the PDL1 expression assessment recommendations, positive membrane staining, irrespective of its intensity, was evaluated in TC and IC.
PDL1 transcripts were quantified in 437 of those patients using a standard Taqman reverse transcription PCR (RT-PCR) assay with SDHA as the reference gene.
All methods were carried out in accordance with relevant guidelines and regulations. The study protocol was approved by the principal investigators and Russian Society of Clinical Oncology (RUSSCO) independent ethics committee (approval number 08122016). All patients provided their written informed consent.
Data analysis.
We assessed the correlations between the results from the different assays determining PDL1 expression in TC or IC. Four pairwise comparisons of the relative frequencies of two tests indicating positive or negative staining/RNA expression were conducted to estimate the probability of agreement or disagreement between each pair of tests. We estimated the conditional probability of one test indicating positive or negative staining/RNA expression given the outcome of each other test. PDL1 expression. "High" PDL1 RNA expression was detected in 187 of 437 (43%) patients.
PDL1 staining without using any cutoff was observed in both TC and IC by all three of the PDL1IHC assays. The percentages of PDL1-positive cells (≥1%) were higher for the IC than the TC in all three assays (54% versus 39% for 22C3, 49% versus 21% for SP142, and 69% versus 51% for SP263). The staining results varied for the IC and TC between the SP142 and the other assays.
For each of the assays, we also performed these analyses at the IHC cutoffs of ≥10%, ≥25%, and ≥50% PDL1-positive cells among the TC and IC. With a cutoff for positive staining of ≥10% of TC, the highest proportion of positive samples was observed after staining with the 22С3 (21%) and SP263 (20%) antibodies, whereas staining with the SP142 antibody indicated that only 8% of samples contained TC were PDL1-positive. For the higher cutoffs (≥25%, and ≥50%), similar results were obtained. With a cutoff for positive staining of ≥25% of TC, the 22C3 and SP263 antibodies indicated that 16% and 15% of samples had PDL1-positive TC, respectively. The SP142 antibody stained only 5% of samples. Staining with 22С3 and SP263 detected ≥50% of PDL1-positive TC in 12% and 10% of patients, respectively, whereas staining with SP142 detected 3% of PDL1-positive TC.
The highest proportion of samples with PDL1-positive IC using the ≥10% cutoff was observed after staining with the 22C3 (11%) and SP263 (9%) antibodies. The SP142 antibody indicated that 4% of samples contained IC that were PDL1-positive. The use of the higher cutoffs dramatically decreased the proportion of samples classified as containing PDL1-positive IC; with a cutoff of ≥25%, only 1.1% (22C3), 0.6% (SP142), and 0.8% (SP263) of cases were considered positive. Further increases in the cutoff value resulted in even lower proportions of samples categorized as containing PDL1-positive IC (0-0.2%). Figure 1 provides representative images of the IHC staining with the three antibodies.
Further analysis was performed to assess the correlation of TC and IC between different IHC assays and PCR (Figs. 2,3 ). The Pearson correlation coefficients (PCC) for TC were 0.71, 0.87 and 0.75 between 22C3/SP142, 22C3/SP263, and SP263/SP142, respectively. The PCC for IC were 0.45, 0.61, and 0.68 for the same pairs. A low correlation was observed between the PCR test and any of the IHC assays for TC and IC. For example, the PCC between PCR and 22C3 for TC and IC were 0.36 and 0.14, respectively. Table 2 presents information on PDL1 expression in patients with different EGFR and ALK status, as well as histology. Thirty-eight of the 79 (48%) patients with EGFR mutations expressed intratumoral PDL1 RNA. Of the 81 EGFR-positive tumors, immunohistochemical PDL1 expression (≥1%) ranged from 24% to 56% for TC and from 48% to 74% for IC. With a positive staining cutoff of ≥1% for TC, 46% of ALK-positive patients were PDL1-positive when evaluated with 22C3 or SP263 antibodies as well as with a PCR test. Of the 91patients with squamous-cell carcinoma, PDL1 expression was detected in 20-76% of cases. The 22C3 and SP263 antibodies showed higher expression on TC and IC compared with the other two assays.
The proportions of PD-L1-positive cases by any of the three IHC assays or PCR test using corresponding recommended cutoff were non-significant higher among patients with stage T ≥ 3 disease compared with the proportion among patients with stage T ≤ 2 disease (all P > 0.05).
Agreement between PDL1 diagnostic assays. We calculated the percentage agreement between results
based on the pre-specified, clinically relevant expression cutoff. If a tumor had "low/absent" PDL1 expression by PCR, then there was a high probability (91-99%) that this case was also negative by any single IHC test using the corresponding recommended cutoff. However, among the patients who were positive by PCR, only 9-45% of them were positive by IHC assays (Table 3) . Differences were consistent between treatment lines. Table 4 represents how well one IHC assay could predict the same outcome (positivity or negativity) of another IHC assay using the recommended individual cutoff for each test. A high degree of agreement was observed between the www.nature.com/scientificreports www.nature.com/scientificreports/ 22C3 and SP263 assays at the cutoff described for first-line treatment, with a percentage agreement of > 91% observed for both positive and negative results.
Independent pathology review. The percentage agreement at the clinically relevant expression cutoff
between the original laboratory pathology results and the independent pathologist review was >87% for all assays. Table 3 . Negative and positive percentage agreement between PCR and IHC assays at clinically relevant PDL1 expression cutoff levels. PCR -polymerase chain reaction, IHC -immunohistochemistry.
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Discussion
This was the largest harmonization study performed to date to establish the extent of analytic concordance between the PCR test and three validated PDL1 IHC diagnostic assays that have been used in randomized clinical trials of checkpoint inhibitors in patients with NSCLC. Evaluation of PDL1 expression immediately after the assessment of EGFR mutations and ALK/ROS1 rearrangements in a single molecular biology laboratory could reduce the duration and cost of testing 12 . Interchangeable IHC assays could also facilitate the assessment of protein expression in routine clinical practice 11 . PDL1 RNA expression was detected by PCR in a large number of patients (>40%), which may seem comparable with the evaluation by IHC. Similar PCR and IHC results for expression frequency were obtained in an analysis of patients with EGFR-positive and EGFR-negative lung cancer. In our study, the frequency of PDL1 expression determined by PCR is consistent with the data obtained in the smaller Isobe study 13 . In addition, we showed that among patients who were negative by PCR, more than 92% were negative by each of the three IHC assays using the corresponding recommended cutoff. However, PCR had a high probability of false-positive prediction and very low correlation coefficients for both TC and IC. Thus, the results of our study suggest that significant differences exist between the PCR test and three PDL1 IHC assays and, as such, they are not comparable enough to use interchangeably.
When comparing the results of IHC assays, the most consistent results were obtained for the pairwise comparison of 22C3 and SP263. In agreement with previous studies [14] [15] [16] [17] , SP142 showed consistently lower scores than the other two assays. Therefore, 22C3 could be considered as a substitute for SP263 in first-line treatment. There was excellent correlation between the 22C3 and SP263 staining, with a high PCC of 0.87 for the TC score. The results from the Blueprint PDL1 IHC Comparability Project demonstrated that 22C3 and SP263 assays yielded comparable analytical performance for assessment of PDL1 expression on TC according to the correlation coefficients 14 . In our study, the positive percentage agreement among the two assays was 93%, and the negative percentage agreement was 91%. Using the same recommended expression cutoffs (SP263 ≥ 2 5%, 22C3 ≥ 50%) in a large harmonization study, Ratcliffe et al. found high analytical concordance (percentage positive and negative agreement, 91.7-94.1%) between 22C3 and SP263 15 . Additionally, Ratcliffe's study showed that SP263 could be considered as a substitute for 22C3 (percentage positive and negative agreement, 86-98.8%), expanding indications for the SP263 assay to the identification of patients eligible for treatment with pembrolizumab in the first-line setting. We found only 57% of positive 22C3 in cases with positive SP263. Therefore, we should be very careful when considering possible replacement of 22С3 with SP263 in all cases. However, we can assume that if a patient is negative by SP263 or SP142 in the first-line treatment setting, retesting may not be necessary by other tests based on the high agreement (ranging from 91-97%) in our study. Generally, the positive percentage agreement among the three IHC assays (ranging from 17-98%) varied more than the negative percentage agreement (ranging from 85-99%), according to the expression cutoff used for the comparative assays. Hendry et al. obtained similar results 16 . All three assays (22C3, SP142, and SP263) yielded consistent results for negative agreement, but positive agreement was poor.
Regarding the cutoffs in second-line treatment, we believe that in the case of positive SP142 or SP263 assays, retesting by 22C3 may not be required. Almost all cases that scored as positive on the Ventana platform (94-98%) also scored as positive on the Dako platform. For the same reason, retest in initially 22C3-negative samples by SP142 or SP263 may also not be necessary (pairwise agreement between all pairs of tests was 99%). PDL1 expression in TC in patients with EGFR-negative and EGFR-positive NSCLC was very similar regardless of the evaluation method. In contrast, more significant differences in PDL1 expression were found in IC. Regarding ALK translocation, which is determined in 8% of Russian patients 18 , the numbers in each category are rather small for interpretation. However, patients with ALK-positive lung cancer were more likely to express PDL1 in TC than patients without ALK rearrangements. PCR and SP142 showed weaker expression in TC and IC compared with the other two assays in patients with squamous cell carcinoma. The agreement analysis for the PDL1-positive tumor status did not reveal any marked differences between the clones and PCR.
In conclusion, results of the CLOVER study demonstrate a low agreement between PDL1 PCR and IHC expression in NSCLC. PCR RNA expression analysis is not equivalent to IHC methods; however, it may have some potential for identifying PDL1-negative tumors. We suggest that the 22C3 assay could predict the same outcome (positivity or negativity) of the SP263 assay in patients before first-line therapy with a checkpoint inhibitor. Table 4 . Negative and positive percentage agreement between IHC assays at clinically relevant PDL1 expression cutoff levels. PCR -polymerase chain reaction, IHC -immunohistochemistry.
Patients classified as negative bySP263 or SP142 assays using the corresponding cutoff rule for first-line treatment are highly likely to be classified as negative by any other test. In patients with positive SP263 and SP142 or negative 22C3 repeated testing in second-line treatment could be avoided. The current assessment criteria may change with regard to different cutoff values established from the emerging results of new clinical studies.
